Beta-lactams, in combination with beta-lactamase inhibitors, are reported to have activity against Mycobacterium tuberculosis bacteria growing in broth, as well as inside the human macrophage. We tested representative beta-lactams belonging to 3 different classes for activity against replicating M. tuberculosis in broth and nonreplicating M. tuberculosis under hypoxia, as well as against streptomycin-starved M. tuberculosis strain 18b (ss18b) in the presence or absence of clavulanate. Most of the combinations showed bactericidal activity against replicating M. tuberculosis, with up to 200-fold improvement in potency in the presence of clavulanate. None of the combinations, including those containing meropenem, imipenem, and faropenem, killed M. tuberculosis under hypoxia. However, faropenem-and meropenem-containing combinations killed strain ss18b moderately. We tested the bactericidal activities of meropenem-clavulanate and amoxicillin-clavulanate combinations in the acute and chronic aerosol infection models of tuberculosis in BALB/c mice. Based on pharmacokinetic/pharmacodynamic indexes reported for beta-lactams against other bacterial pathogens, a cumulative percentage of a 24-h period that the drug concentration exceeds the MIC under steady-state pharmacokinetic conditions (%T MIC ) of 20 to 40% was achieved in mice using a suitable dosing regimen. Both combinations showed marginal reduction in lung CFU compared to the late controls in the acute model, whereas both were inactive in the chronic model.
B
eta-lactam (BL) agents have been widely used for treating a broad spectrum of bacterial pathogens (1) . However, there are very few reports on successful clinical use of beta-lactam antibiotics for the treatment of tuberculosis (TB). Mycobacterium tuberculosis is reported to produce a chromosomally encoded betalactamase enzyme (2, 3, 4) that degrades the beta-lactam agent, and therefore, use of BL along with a beta-lactamase inhibitor (BLI) like clavulanate is essential for killing M. tuberculosis. Many of the BL-BLI agents are reported to have a poor plasma half-life and poor oral bioavailability (1, 5, 6) . Limitations of oral dosing and the requirement for frequent dosing for longer durations may have limited the use of BL-BLI agents for TB treatment. However, recent reports on successful treatment of patients with multidrugresistant and extremely drug-resistant (MDR/XDR) TB by including meropenem (7, 8) in the second-line combination therapy have raised interest in understanding the efficacy of the meropenem-clavulanate combination in the mouse TB model (9) . We have extended this interest to include understanding the pharmacokinetic-pharmacodynamic (PK-PD) relationship for meropenem-clavulanate and amoxicillin-clavulanate combinations in the mouse TB model.
Discovery of novel anti-TB agents or therapies is essential to treat MDR/XDR TB, as well as to shorten the current 6-monthlong treatment of drug-sensitive TB. Therefore, activity against drug-resistant strains, as well as against both replicating and nonreplicating M. tuberculosis, is a desirable attribute of a novel anti-TB therapy. In vitro activity of the meropenem-clavulanate combination against a large number of drug-sensitive and -resistant clinical isolates of M. tuberculosis has been reported (10) . However, the activities of other beta-lactams against replicating M. tuberculosis and comparisons of activities against replicating and nonreplicating M. tuberculosis isolates have not yet been reported.
We describe the activities of various beta-lactams (with or without clavulanate) against replicating M. tuberculosis (H37Rv) and nonreplicating M. tuberculosis in vitro (H37Rv under hypoxic conditions) (11) and under aerobic conditions using streptomycin-starved M. tuberculosis strain 18b (ss18b) (12) , as well as the in vivo efficacies of amoxicillin-clavulanate and meropenem-clavulanate combinations in the acute (actively replicating M. tuberculosis) and chronic (slowly growing/nonreplicating M. tuberculosis) mouse models of TB.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and chemicals. Clavulanate and all the beta-lactam antibiotics were purchased from Sigma Chemicals. Meropenem was supplied by AstraZeneca. Cilastatin was purchased from BetaPharma Co. Ltd., Shanghai, China.
M. tuberculosis H37Rv was grown in 250-ml roller bottles (Corning) as smooth cultures to mid-log phase (optical density at 600 nm [OD 600 ] ϭ 0.5) and stored frozen as 0.5-ml aliquots in screw-cap cryovials (Corning) at Ϫ70°C. Representative vials from the frozen lot were thawed and plated for viable counts after 10 days and were found to contain ϳ10 8 CFU/ml. For subsequent experiments, seed lot vials were thawed, and the cells were diluted to get 3 ϫ 10 5 to 5 ϫ 10 5 CFU/ml. The media used for growth of M. tuberculosis were Middlebrook 7H9 broth and 7H10 agar (Difco Laboratories) supplemented with 0.2% glycerol, 0.05% Tween 80, and 10% albumin-dextrose-catalase (ADC). For growth of M. tuberculosis 18b cul-tures, the same media were supplemented with 50 g/ml streptomycin when required.
M. tuberculosis H37Rv cultures were adapted to hypoxic conditions as described previously (11) with minor modifications. Briefly, M. tuberculosis cells were grown in Dubos Tween broth in McCartney bottles with a magnetic bead using a defined headspace ratio of 0.5. Methylene blue (1.5 g/ml) was added as a redox indicator to all the bottles. The culture bottles were incubated at 37°C on a magnetic stirrer. The indicator dye completely decolorized in 12 days. The culture with a partial O 2 pressure (pO 2 ) of Ͻ0.06% after 14 days of incubation was used for testing bactericidal activity against the nonreplicating state of M. tuberculosis H37Rv.
M. tuberculosis strain 18b was grown to an OD 600 of 1.0 in the presence of 50 g/ml of streptomycin in Middlebrook 7H9 broth. The cell pellet obtained after centrifugation was washed three times with phosphatebuffered saline, pH 7.4 (PBS), containing 0.1% Tween 80. The washed culture was resuspended in growth medium without streptomycin at 5-fold-higher cell density and stored frozen at Ϫ80°C with 10% glycerol. One milliliter of frozen stock was inoculated into 50 ml broth, without streptomycin, in a roller bottle. After 14 days of incubation, this culture was used for testing bactericidal activity against the nonreplicating M. tuberculosis ss18b (12) .
Determination of antibiotic susceptibility. The MICs of antibiotics against M. tuberculosis H37Rv were determined by the resazurin-based microplate assay (13) . Minimal bactericidal concentrations (MBCs) were determined against replicating M. tuberculosis H37Rv, as well as nonreplicating M. tuberculosis, in a 96-well plate format after 7 days of incubation with the antibiotics. For determination of MBCs against M. tuberculosis H37Rv under hypoxia, 200 l of hypoxic culture (10 7 CFU/ml) was dispensed into compound-containing plates, and the plates were packed in gas-permeable polyethylene bags during incubation at 37°C in the hypoxia hood for 6 days. An anaerobic indicator strip was placed inside the chamber to confirm lack of oxygen during the entire process. The assay plates were transferred from the hypoxia hood to the CO 2 incubator and further incubated at 37°C for a day to let the cells recover from hypoxic stress. Suitable dilutions of culture aliquots from wells containing replicating M. tuberculosis H37Rv and M. tuberculosis H37Rv under hypoxia exposed to various concentrations of BL-BLI agents greater than the MIC were plated on 7H10 agar plates. In the case of M. tuberculosis ss18b, plating was done on 7H10 agar containing 50 g/ml streptomycin. CFU were counted after incubating the plates at 37°C for 21 to 28 days. Isoniazid and clofazimine were used as controls in all the assays. Clofazimine had MBCs of 0.3 g/ml against M. tuberculosis ss18b and 2.6 g/ml against M. tuberculosis H37Rv under hypoxia, while isoniazid did not have an MBC against the nonreplicating M. tuberculosis.
Combination MICs to determine synergy. Serial double dilutions of amoxicillin and clavulanate were prepared in rows (B to G) and columns (2 to 11) of a 96-well microplate, respectively. M. tuberculosis H37Rv culture (200 l at 10 5 cells/ml) was dispensed into all the wells except those in column 1, which was used as a "no-growth" control. Column 12 did not have antibiotics and was used as a "growth" control. The assay plates were incubated at 37°C for 6 days, and growth was monitored using resazurin dye, as mentioned above. The fractional inhibitory concentration (FIC) was calculated as the ratio of the MIC in combination to the MIC of a single agent. The concentrations at which the sum of the amoxicillin FIC (FIC amoxicillin ) and the clavulanate FIC (FIC clavulanate ) was Ͻ0.5 were considered to exhibit synergy.
PK-PD studies in mice. All animal experimentation protocols were approved by the Institutional Animal Ethics Committee registered with the Government of India (registration no. 5/1999/CPCSEA). Six-to 8-week-old BALB/c mice, purchased from RCC Laboratories, Hyderabad, India, were used in PK-PD studies. Animals randomly assigned to the cage were allowed 2 weeks of acclimatization before starting the experiment. Food and water were given ad libitum.
PK was analyzed in healthy, as well as infected, mice. PK data from healthy mice were used for designing the dosing regimen for the efficacy study. PK data from infected mice were used for the PK-PD analysis. One mouse per time point was sampled according to the fast PK protocol (14) . Blood samples from the infected mice were processed in the biosafety level 3 (BSL3) laboratory. Meropenem trihydrate, sodium clavulanate, and cilastatin were dissolved together in PBS at final concentrations of 60, 15, and 20 mg/ml, respectively. Amoxicillin and sodium clavulanate were dissolved together in PBS at final concentrations of 40 and 10 mg/ml, respectively. Compound solution or appropriate vehicle in control mice was administered subcutaneously at a 5-ml/kg of body weight dose volume. Blood samples, collected by puncturing the saphenous vein at 5 min, 15 min, 30 min, 1 h, 2 h, 3 h, and 4 h after the first dose (8 a.m.), were centrifuged at 2,000 ϫ g for 5 min to isolate plasma. Bioanalysis was performed using liquid chromatography-tandem mass spectrometry (LC-MS-MS) after precipitating plasma proteins with 90% (vol/vol) acetonitrile. Analytes were separated on a Gemini C 18 column (50 by 4.6 mm; particle size, 5 m; Phenomenex) using isocratic elution with acetonitrile-10 mM ammonium acetate-0.1% formic acid in water (2:6:2 [vol/ vol/vol]) at a flow rate of 400 l/min. A Shimadzu UFLC (Shimadzu Corporation, Kyoto, Japan) was used for chromatography, and an API-3000 triple-quadrupole mass spectrometer (Applied Biosystems) was used for multiple-reaction-monitoring (MRM)-based quantitation. Amoxicillin (366.1 Ͼ 349.1 and 366.1 Ͼ 114.1) and meropenem (384.
) was detected in negative ionization mode. The lower limits of quantitation for clavulanate, amoxicillin, and meropenem were 0.078 g/ml, 0.078 g/ml, and 0.313 g/ml, respectively. The area under the concentration versus time curve PK profile (AUC) was calculated by noncompartmental analysis (WinNonLin 5.2.1; Pharsight Inc.).
Meropenem-clavulanate and amoxicillin-clavulanate combinations were tested for in vivo efficacy in the acute, as well as chronic, TB aerosol infection model in mouse. BALB/c mice were infected using an aerosol chamber (15) with ϳ100 and 10,000 bacilli per mouse in the chronic and acute models, respectively. Infected mice were housed in individually ventilated cages (Allentown Technologies) in the BSL3 facility. The groups treated with vehicle or compound contained 3 mice each, and an additional 3 mice, used as early controls, were sacrificed just after infection. Isoniazid, used as a reference drug (at a dose of 3 mg/kg in the acute model and 30 mg/kg in the chronic model), was formulated in 0.5% (wt/vol) hydroxypropyl methylcellulose (HPMC) containing 0.1% Tween 80, whereas test compounds were prepared in the same formulation used for the PK study. Treatment was initiated after 3 days and 4 weeks of infection in the acute and chronic models, respectively, to test efficacy against actively growing and slowly growing/nonreplicating bacteria in the respective models. (For the dosing regimen used to treat infected mice, see Table  3 .) The mice were sacrificed at the end of 4 weeks (6 days/week) of treatment, and suitable dilutions of their lung homogenates were plated on Middlebrook 7H11 agar medium to determine viable CFU per mouse lung. Dunnet's multiple-comparison test was used to assess differences in lung CFU in treated versus untreated mice.
RESULTS

In vitro activity.
In vitro MICs estimated for various beta-lactam and clavulanate combinations against replicating M. tuberculosis are shown in Table 1 . Cephalosporins (cephaloridine, cefpodoxime, cefotaxime, and cefixime) and carbapenems (meropenem, imipenem, and faropenem) showed 2-to 16-fold improvements in potency compared to the penicillin class of drugs (penicillin G, piperacillin, ampicillin, and amoxicillin), which showed up to Ͼ200-fold reduction in the MIC in the presence of clavulanate.
Since the activity of beta-lactams against M. tuberculosis is dependent upon an optimum concentration of beta-lactamase inhibitor, MICs for amoxicillin were estimated using various con-centrations of clavulanate. As shown in Fig. 1 , the isobologram indicated excellent synergy between amoxicillin and clavulanate. Based on these data, 1 g/ml of clavulanate was chosen as the target concentration during the efficacy study.
MBCs against replicating M. tuberculosis are shown in Table 2 . MBCs against replicating M. tuberculosis were within 2-fold of the MIC for all the beta-lactams tested. The same set of beta-lactams was tested for bactericidal activity against nonreplicating M. tuberculosis, M. tuberculosis H37Rv under hypoxia, and M. tuberculosis ss18b under aerobic conditions. MBCs for all 8 beta-lactams, with or without clavulanate, were Ͼ16 g/ml against nonreplicating M. tuberculosis. The MBCs reported here correspond to the minimum concentration required for Ͼ2-log-unit reduction in CFU from the starting inoculum. We also looked for drugs giving 1-log-unit reduction during measurement of MBCs. Faropenem and meropenem in combination with clavulanate achieved 1-logunit reduction in M. tuberculosis ss18b CFU. However, there was no reduction in CFU under hypoxia.
In vivo activity. Infected mouse plasma PK profiles for amoxicillin, meropenem, and clavulanate are shown in Fig. 2 , and the PK parameters, along with the cumulative percentage of a 24-h period that the drug concentration exceeds the MIC under steady-state pharmacokinetic conditions (%T MIC ), are shown in Table 3 . The amoxicillin-clavulanate formulation was a suspension, whereas meropenem-clavulanate was a clear solution when dosed. The PK profile for amoxicillin may suggest a kind of slow release due to the suspension formulation. Since meropenem is known to be a weak substrate of renal dihydropeptidase (DHP1) in certain species (9), cilastatin was coadministered, along with meropenem and clavulanate, at a dose of 100 mg/kg three times daily. However, cilastatin did not improve meropenem exposure in the infected/healthy mice (data not shown). A three-times-a-day regimen was required for meropenem to achieve 25% T MIC in mouse plasma, whereas twice-daily administration of amoxicillin was sufficient to achieve 33% T MIC (Table 3 ). The clavulanate concentrations in both dose groups were Ͼ1 g/ml for 19 or 12.5% of the time in 24 h.
Amoxicillin-clavulanate, as well as meropenem-clavulanate, showed marginal reduction in M. tuberculosis growth compared to the late control in the acute model (Fig. 3A) . Both combinations did not show any efficacy in the chronic model (Fig. 3B) .
DISCUSSION
M. tuberculosis is intrinsically resistant to the beta-lactam class of antibiotics, which has been attributed to the actions of efflux pumps and beta-lactamases (2, 3, 4, 16) . We have shown in vitro activity of 3 different classes of beta-lactams, penicillins, cephalosporins, and carbapenems, in combination with clavulanate, against replicating, as well as nonreplicating, M. tuberculosis. Cephalosporin-clavulanate or carbapenem-clavulanate showed lower synergy against replicating M. tuberculosis than the penicillin-clavulanate combination. This could be due to differences in the catalytic efficiencies of M. tuberculosis beta-lactamase in hydrolyzing various classes of beta-lactams (2). Cephalosporins and carbapenems were reported to have 10-to 100-fold lower K cat /K m ratios for M. tuberculosis beta-lactamase than the penicillin class. Carbapenems, like meropenem and faropenem, showed moderate bactericidal activity against M. tuberculosis ss18b, as reported previously (12, 17) . However, none of the combinations with clavulanate were active against M. tuberculosis under hypoxia. This discrepancy in activity against nonreplicating M. tuberculosis in 2 different in vitro models could not be explained.
We tested 2 combinations for activity against replicating and nonreplicating M. tuberculosis in the mouse TB model to see if the in vitro activity could be translated in vivo. The required %T MIC for in vivo efficacy of carbapenems and penicillins against multiple bacterial pathogens has been reported to be 20 to 40% (18) . Therefore, the dosing regimen for the mouse efficacy study was chosen to achieve 20 to 40% T MIC in mouse plasma over a period of 24 h. Lack of efficacy in both the acute and chronic mouse models may suggest that the %T MIC requirement could be significantly higher for M. tuberculosis. A similar magnitude of effect was also reported previously using a twice-daily regimen for the meropenem-clavulanate combination (9) . However, the efficacy did not improve even after using a 3-times-daily regimen in this study.
Considering an average doubling time of 0.5 to 1.0 h for bacterial pathogens like Staphylococcus aureus, Pseudomonas aeruginosa, or Streptococcus pneumoniae, a 20 to 40% T MIC of beta-lactams may cover 5 or 6 generations over 24 h. The generation time for M. tuberculosis growing in the infected mouse lung is reported to vary between 24 h during rapid growth in the acute model to 1,676 h during the slowly growing/nonreplicating phase in the chronic model (19, 20) . Since the bactericidal effect of beta-lactams is exerted during cell division, poor activity of these betalactams against M. tuberculosis in vivo could be due to an insufficient duration of exposure during its growth cycle.
Recently, the meropenem-clavulanate combination was shown to be efficacious in patients with XDR TB (8) using a 3-times-daily (2 g each time) dosing regimen. Based on the reported human PK for meropenem (Merrem product information; AstraZeneca, 27 February 2007), such a dosing regimen is ex- e Based on in vitro synergy between amoxicillin and clavulanate, a 1-g/ml concentration was used for %T MIC calculation for clavulanate. Amoxicillin, clavulanate, and meropenem are reported to be 80%, 75%, and 98% free in plasma, respectively (9, 18) . Therefore, the %T MIC values were almost the same for free plasma concentrations.
pected to achieve 85% T MIC in human plasma in 24 h. Since meropenem is 98% free in plasma (9) , the %T MIC is almost the same for the free-meropenem concentration. Therefore, lack of significant efficacy in the acute mouse model could be due to insufficient %T MIC in mouse plasma. On the other hand, lack of efficacy in the chronic model could be due to insufficient %T MIC , as well as poor in vitro activity against nonreplicating M. tuberculosis. Beta-lactams are known to inhibit the formation of 3-4 crosslinks in the peptidoglycan of the bacterial cell wall through inhibition of D,D-transpeptidases. In addition to 3-4 cross-links, formation of 3-3 cross-links catalyzed by L,D-transpeptidases has been reported during stationary phase in M. tuberculosis (21) . Another report (22) described the essentiality of L,D-transpeptidase during stationary phase or the slowly growing/nonreplicating phase in M. tuberculosis and efficacy of amoxicillin-clavulanate against an LDP2 mutant in the mouse chronic model. A oncedaily dose of 200 mg/kg amoxicillin and 50 mg/kg clavulanate showed a 2-log-unit reduction in the lung CFU in mice infected with the LDP2 mutant. However, the same regimen did not show efficacy in mice infected with wild-type M. tuberculosis. Since LDP2 was reported to be mainly essential in the stationary phase, we expected better efficacy with an improved (twice daily instead of once daily) dosing regimen of the amoxicillin-clavulanate combination against replicating M. tuberculosis in the acute model. Therefore, the poor efficacy of the amoxicillin-clavulanate combination in the acute model in our study may suggest that LDP2 could be complementing for the activity of D,D-transpeptidases that are inhibited by beta-lactams during active replication of M. tuberculosis.
We conclude that the efficacy of the meropenem-clavulanate or amoxicillin-clavulanate combination in the mouse TB model was negligible, probably due to inadequate %T MIC in the mouse. The efficacy of these agents in XDR TB patients could be due to the 3-fold-higher %T MIC achieved in human plasma than in mouse plasma. Thus, demonstrating efficacy of novel BL-BLI combinations in the mouse model could be a challenging task due to their poor half-life in mice combined with the requirement for %T MIC as a PK-PD index. Therefore, in addition to the mouse model, in vitro models, like hollow-fiber reactors with humanized PK (23), could be used for screening novel anti-TB BL-BLI combinations.
